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1 Introduction 



The six-dimensional (2, 0) theories are one of the most remarkable and surprising dis- 
coveries in string theory during the past decade The existence of these theories 
can be inferred by studying string theory or M-theory on a ten- or eleven-dimensional 
space-time which contains a six-dimensional impurity. Under certain conditions, de- 
grees of freedom supported at the locus of this impurity then decouple from the re- 
maining bulk degrees of freedom and could be described by a separate six-dimensional 
quantum theory. However, an intrinsically six-dimensional definition of these theories 
is not yet known, and finding such a description appears as a major goal of our work. 
At first sight, it then appears natural to work at the origin of the moduli space, but 
here a (2, 0) theory is described by a strongly coupled conformal field theory, which 
is hard to understand with current methods. In previous papers 12], we have instead 
followed an approach based on working at a generic point in the moduli space, where 
conformal invariance is spontaneously broken, and the theory can be thought of as 
describing the dynamics of massless fields coupled to tensile strings. 

In this paper, we will construct an interacting theory of such massless fields and 
tensile strings. We will limit ourselves to the simplest Ai version of (2,0) theory, 
where there is a single species of fields and a single species of strings. Although we 
have taken steps in this direction in our previous publications, we have strived to 
make the present paper self-contained. In the next section, we will review the free 
kinetic terms for the fields in six-dimensional Minkowski space. The main difficulty 
here is that in order to give a Lagrangian description, we must include additional 
degrees of freedom that are not really part of (2,0) theory This is consistent 
though, provided that the interactions that we introduce later are constructed so that 
these extra degrees of freedom remain decoupled. In section three, we will discuss 
the corresponding on-shell superspace [Ij. Although this is really only appropriate for 
the free theory, it will still be an important tool for constructing the interactions. In 
section four, we couple a string to a prescribed background of space-time fields that 
fulfill the free equations of motion. There are two interaction terms: One is a Nambu- 
Goto type term for the string, with the tension given by a space-time scalar field. 
The other is a Wess-Zumino type term that encodes the electromagnetic coupling of 
the string to a space-time tensor field. The Wess-Zumino term is constructed using a 
Dirac membrane, the boundary of which is given by the string. In addition to being 
supersymmetric, the sum of these two terms is invariant under a local symmetry, which 
has two important consequences. First of all it allows us to choose the Dirac membrane 
freely, so that only the actual string is of physical significance 0. Furthermore, this 
symmetry decouples half of the fermionic variables on the string world-sheet, refiecting 
the BPS-saturated property of the string 0. In the last section we will combine the 
Minkowski space kinetic terms with the Nambu-Goto and Wess-Zumino terms. To 
ensure that the complete action still is invariant under supersymmetry and the local 
symmetry, we have to modify the transformation laws of the space-time fields with 
additional terms. We also have to add an additional term to the action describing 
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direct Dirac membrane interactions. The exact description of this term is somewhat 
imphcit, but we also show how its purely bosonic part can be constructed completely 
explicitly. 

The final action that we have constructed is unique, with no adjustable parameters. 
This seems to indicate that the resulting quantum theory, when properly defined, may 
have some finiteness property. We hope to be able to investigate these questions in 
forthcoming publications. 

2 The tensor multiplet term 

We will begin by explaining our notation for (2, 0) supersymmetry in six-dimensional 
Minkowski space M. This symmetry of course contains the Lorentz group 50(5, 1). 
We denote chiral and anti chiral Lorentz spinors by a subscript or superscript index 
a, (3, . . . = 1, 2, 3, 4 respectively. All other representations may be obtained by taking 
tensor products of these. We will have use for the completely antisymmetric invariant 
tensors CajS-yS and e'^^'^^ , defined so that Ca-ySe^^'^^'^ = 6Jq. Another bosonic subgroup 
of (2,0) supersymmetry is an SO{5) iJ-symmetry group. We denote its spinor rep- 
resentation, from which all other representations can be constructed, by an index 
a,b,... = 1,2,3,4. The anti-symmetric invariant tensors are denoted Q""^ and Qab 
defined so that Qab^'"^ = ^a- 

The (2, 0) supersymmetry algebra has a well-known representation on a free field 
theory known as a tensor multiplet |^. We denote the bosonic fields as ba and (f)"'^, 
subject to the algebraic constraints 6" = 0, = —cp''"' and (j)°'^Qab = 0- This means 
that ba is a two-form, and that the scalars 4>"'^ transform in the vector representation 
of the i?-symmetry group. These fields are real. (This means that the components 
ba and (f>°'^ are related to the complex conjugates of other components by certain 
linear conditions.) The fermionic fields are denoted as ip^, i.e. it is a chiral spinor 
in the spinor representation of the i2-symmetry group. This field obeys a symplectic 
Major ana reality condition. 

The field ba is subject to a gauge-invariance with a one-form parameter aaf3 = 
—QfSa, which acts as ba —>■ ba + da^a"^^ + \dad.ysa'^^ . Here da/s = —dpa is the ordinary 
derivative acting on the space-time coordinates x"^ = — x^". It is convenient to also 
introduce 9"^ = ^e'^^'^'^S-y^. The gauge invariant information of ba is contained in the 
self-dual and anti self-dual three-form field strengths hap and /i"^ defined as 

Kp = da^^ + dp^bl 

f^al3 ^ 5"T5^ + a^T6°. (1) 

They obey the Bianchi identity d'^'^ha/s — daph"''^ = 0. 

The dynamics of the fields ba, and i/j^ is described by the tensor multiplet 
action 

Stm = j^^ dS'x {iha^h'^f - flacnMdaf^r'd'"'^''' - 4iJl„bC5"^V'^) • (2) 
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Under an arbitary variation of the fields, the variation of the action is 

from which the classical equations of motion can be read off: 

d^^h^. = 

5"^^^ = 0. (4) 

Apart from its manifest Lorentz and i?-symmetries, this action is also invariant under 
supersymmetries with constant infinitesimal fermionic parameters ry" acting as 

S€ = -iri^ra + \€v2rr (5) 

The transformation law for 6^ implies that the field strengths hap and h"^!^ transform 
as 

Sh'^P = -iriyf^^^P^-i-Q^d^-'^^. (6) 

We note that the anti self-dual part h"^^ of the field strength of ba does not appear 
in the right hand sides of these supersymmetry transformation laws. Furthermore, 
the supersymmetry variation 6h°'^ vanishes when the equations of motion of the field 
ip^ is imposed. These two properties imply that /i"^ is not really part of the tensor 
multiplet, which thus consists solely of the fields ijj^, and hap- It is well-known 
that a covariant action describing only a tensor multiplet does not exist. The above 
action describes a free tensor multiplet and a free anti self-dual field strength h°'^. 
Later in this paper, we will construct interaction terms that couple the tensor multiplet 
to a string. We will however make sure that h""^ remains decoupled from all other 
degrees of freedom. 

The fields and ■^^ take their values in linear spaces, so the numerical coef- 
ficients in their kinetic terms in Stm arc purely conventional, and just reflects the 
normalization of these fields. But the field ba is really a connection on a 1-gerbe, so its 
normalization cannot be changed. The constant in front of its kinetic term in Stm is 
therefore significant. A priori, it is a free parameter of the theory, but by considering 
the theory on a space-time of non-trivial topology, one finds that the decoupling of 
the anti self-dual part h°'^ of the field strength is only consistent for a specific value 
of this constant. (In this paper, we will make no attempt to define our conventions 
precisely enough to determine this value.) So the action Stm is in fact unique, with 
no free parameters. 
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3 The on-shell superspace of a free tensor multiplet 

Although the aim of this paper is to construct an interacting theory, for which no 
superspace formulation is known, it is still useful to introduce the on-shell superspace 
of the free tensor multiplet described in the previous section |^. 

Superspace is parametrized by the bosonic coordinates x"^ of six-dimensional 
Minkowski space together with a set of fermionic coordinates 9^, which are symplectic 
Majorana. Supersymmetry transformations are generated by the supercharges 

where = oi^. These anti-commute with the covariant derivatives 

D-^ = d^ + in-'e^d^p. (8) 

We will also need differential forms on superspace. As a basis of one-forms, we will 
use e°^^ = —e^°^ and d9^, where 

e"/^ = dx"^ + ^n''\eye^ - e^de^). (9) 

These are dual to the tangent vectors and D'^ respectively, so that the exterior 
derivative d takes the form 

d = e^f'd^l3 + de^D-^. (10) 

It follows that de"^ = in"'''d9^ A dO^, whereas dO of course is closed. 

We now introduce a superfield <I>"^(x, 0), subject to algebraic constraints analogous 
to those of (x), i.e. ^"'^ = and Qab^"'' = 0. It should also fulfill the differential 
constraint 

Z)S«>^^ + ^QdeDi (2n''''<^^'' - 20"'=$^'' + n'""'^^"^ = 0. (11) 

To analyse the implications of these constraints, it is convenient to define the super- 
fields and Hap as 

o 

H^p = (12) 

It immediately follows that Ha/3 obeys the algebraic constraint H^/s = Hp^- Further- 
more, the differential constraint on implies that all fermionic derivatives of ^^'^ 
may be expressed in terms of and bosonic derivatives thereof. Notably 

D^Hp^ = i(a,^^^ + a«^^^). (13) 
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Finally, the differential constraint also implies the equations of motion 



5"/^^^ = 0. 



(14) 



We will also need a certain three-form F on superspace [Tj |H] defined as 




(15) 



Acting with the exterior derivative d on and using the above properties of the 
superfields and Hap, one finds that F is closed, i.e. = 0. 

The general solution to the above constraints on the superfield $°''(x,9) may 
be written in terms of component fields ((^^{x), iIj%{x), and hapix), that are the 
lowest components of the superfields <I>'^*(x, 0), ^'^(x, 0), and H^pix^d) respectively. 
It follows that these component fields have to obey the algebraic constraints and 
the free classical equations of motion of the tensor multiplet fields discussed in the 
previous section. Including terms up to bilinear order in 0, one finds that 



The coefficients of the neglected terms are given by derivatives of the components 
fields hap, and the expansion ends with a term of order 9^^. Acting 

with a supersymmetry transformation, generated by the supercharges, one finds that 
the transformation laws of the component fields agree with those presented in the 
previous section, thus completing their identification with the tensor multiplet fields. 

4 The Nambu-Goto and Wess-Zumino terms 

In this section, we will couple a string to a fixed tensor multiplet background, that 
fulfills the free equations of motion described in section two. This is an intermediate 
step, before constructing the complete dynamical theory of tensor multiplets and 
strings in the next section. 

On physical grounds, we expect two types of couplings to appear: The first is a 
Nambu-Goto term given by an integral over the string world-sheet S. The integrand 
is the volume form on S, induced by its embedding into Minkowski space, times the 
i?-symmetry invariant norm of the scalar fields (f)"'^ . This term thus reflects the fact 
that the tension of the string is determined by the moduli. The second term is a 
Wess-Zumino term given by an integral over a Dirac membrane world- volume Z?, the 
boundary dD of which equals the string world-sheet S. The integrand is the pullback 
of the self-dual field strength hap to D. This term thus encodes the electromagnetic 
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coupling of the self-dual string to the field ba- Our problem is now to construct the 
supersymmetric versions of these couplings. 

The embedding of the Dirac membrane world-volume D in superspace is described 
by world- volume fields X"'' and G^. They transform non-linear ly under supersym- 
metry according to 

<5©? = -C- (17) 

It follows that the pullbacks to D of the one-forms e"^ and d9^ introduced in the 
previous section, i.e. E'^f^ given by 

^ ^ lj^«6(e^def - @^de^) (18) 

and d@2, are invariant under supersymmetry. If we parametrize the string world- 
sheet S with coordinates a*, i = 1,2 and expand the one-forms E"'/^ in the basis da^ 
as E"'!^ = da^E^^, we can construct a supersymmetric induced metric Gij on S as 

G,j = \e^p,sEfEf. (19) 

We denote the determinant of this metric as G. 

Supersymmetry transformations on the superfield are generated by the super- 
charges Q^. It follows that the puUback = (X, 9) of ^>"^ to D is invariant 
under supersymmetry, since the contributions to its variation from the two terms in 

are precisely cancelled by the contributions due to the variations of its arguments 
X and 6. It is then straightforward to construct a supersymmetric Nambu-Goto term 
Sng as 

Sng = - dW*(^-^)V^, (20) 

where $ • $ is defined as 

$ • $ = ^J^ae^^&d^"^*"'^. (21) 

Similarly, the pullbacks of the superfields ^'^ and to D are invariant under 
supersymmetry, and so are the differentials E'"^ and We may thus construct a 

supersymmetric Wess-Zumino term Swz as 

Swz = [ *F, (22) 
Jd 

where *F denotes the pullback to D of the three-form F introduced in the previous 
section. 

The interaction terms must be invariant under a change of the Dirac membrane 
world-volume D, as long as its boundary is given by the string world-sheet S. An 
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infinitesimal change of D is parametrized by a superspace tangent vector field k on 

D. Expanding this 

'^^da/S + i^a^ai ^he transformation laws 

= (23) 

for the world-volume fields X"'^ and Q'^ that describe the embedding of D in super- 
space. The superfield is of course invariant under this transformation. To describe 
a change which leaves the boundary S fixed, k, should vanish there. We will, however, 

be slightly more general and only require that the bosonic components k"^ vanish on 

E, whereas the fermionic components kJ^ on S are subject to the constraint 

0/^f = 7a'<. (24) 

Here F"^ and 70'' are defined as 

7a' = ^=l=-^^„c*<^>^^ (25) 
V (* • ^) 

and fulfill the identities T^^r^^ = 5^, ^a^h" = r"a = 0, and 7„" = 0. The 
constraint on on S thus means that it has eight linearly independent components, 
so that eight of the sixteen components of 0° may be eliminated by a K-symmetry 
transformation. The remaining eight components of 0^ correspond to four fermionic 
degrees of freedom. This equals the number of bosonic degrees of freedom, after 
eliminating two components of X"l^ by invariance under reparametrizations of E. We 
remark that in many cases that have appeared in the literature, the integrand of 
the Wess-Zumino term is a total derivative, so by Stokes' theorem this term can be 
rewritten as an integral over the boundary E. The relevant part of the K-symmetry 
is then of course parametrized by the fermionic components subject to the above 
constraint. 

It remains to show that the sum of the interaction terms Swz and Sng is in- 
deed invariant under the transformation parametrized by the vector field «; on D 
described above. Let u) be an arbitary differential form on superspace, invariant un- 
der K-symmetry. Its puUback *uj to D then transforms as 

5*u = *{i^dw)+d*M, (26) 

where 6«; denotes contraction with the tangent vector k. When this formula is applied 
to a; = F, the first term vanishes since F is closed. Stokes' theorem then gives the 
variation of the Wess-Zumino term as 

5Swz = *{i.F) = nl'-e^p^s \e^^ A e-^^*^ - 26^^^ A dOl^'^'') , (27) 
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where we have used the vanishing of the bosonic components of k on S in the last 
equahty. 

The variation of the Nambu-Goto term is given by 

is,a = -l/^{-^=r^m^V^)l^]. (28) 

Here the transformation of the puhback of <I>°'' is given by 6*^°-'^ = *{LKd^'^^) = 
iKf^ — — where we have expressed the fermionic derivatives 

of (^"^^ in terms of '^'^ and used the vanishing of the bosonic components of k. Finahy, 
we should use the constraints on that are valid on S. One then easily finds that 
the first term in 5Swz cancels against the first term in 5Sng- A trickier computation 
shows that the second term in 5Swz cancels against the second term in Sng- The 
sum Sng + Swz is thus invariant under K-symmetry. 

We have seen that the relative coefficient between the Nambu-Goto and Wess- 
Zumino terms is determined by the requirement of K-symmetry. But since the Wess- 
Zumino term represents an electromagnetic coupling of the string to the field ha, its 
coefficient must obey Dirac quantization, i.e. it is given by an integer in appropriate 
units. We expect our strings to have the minimal non-trivial charge, which thus fixes 
this value completely. So there are no free parameters in the linear interaction terms. 

5 The Dirac-Dirac term 

In this section, we will describe how to construct the complete dynamical theory of 
an interacting tensor multiplet and a string. The main problem is as follows: We 
still define H^p, and F in terms of the tensor multiplet fields (j)""^ , ip^, and 

hai3 precisely as before using equations (|16j) . (|T2|) . and (fT5|) . But crucial properties of 
these quantities are only valid when the tensor multiplet fields obey their free equa- 
tions of motion @, and thus cannot be used in the interacting theory. Indeed, for 
generic configurations of the tensor multiplet fields, these quantitites do not trans- 
form as superfields, so the interaction terms S^g and Swz are not invariant under 
super symmetry. Furthermore, the fermionic derivatives of are no longer related 
by the differential constraint i.e. they cannot all be expressed in terms of 

and this invalidates the conclusion that F is closed. Thus the sum Sng + Swz is not 
invariant under /t-symmetry. In this section we will show how these problems can be 
remedied by supplementing the tensor multiplet action St m and the interaction terms 
Sng and Swz with a direct Dirac membrane interaction Sdd- The transformation 
laws of the tensor multiplet fields under supersymmetry and K-symmetry also have 
to be modified, by including terms supported on the Dirac membrane world volume 
D and its boundary S. 



9 



5.1 Off-shell K-symmetry 

The interaction Sng + Swz is invariant Tinder a /c-symmetry transformation as de- 
scribed in the previous section, provided that the tensor multiplet fields (j)"'^, ip^, 
and ha/3 fulfill their free equations of motion. Its variation when no such on-shell 
constraints are imposed must therefore be of the form 

d{SNG + Swz) = I d^X (Sb^ad'^^hp-y - 2r''naenMd''f^dapct)'"^ + Si^'S^^abS^^V'^ 

Jm ^ 

(29) 

for some coefficient functions ba, 4'"'^, and ip^ that are linear in the parameters k of 
the transformation. This variation can thus be cancelled by a variation 6iStm of the 
tensor multiplet action, i.e. 

SiSNG + Swz) + SiStm = 0, (30) 
if we let the tensor multiplet fields transform as 

S,ra = C- (31) 

But the latter transformations lead to an additional variation 5i{S]\fG + Swz) of the 
interaction. We hope to cancel this by adding an extra Dirac-Dirac term Sdd to the 
action, constructed so that 

Si{Sng + Swz) + SSdd = 0. (32) 

If furthermore Sdd is independent of the tensor multiplet fields, and only depends on 
the world volume fields X"/^ and the transformation laws of which have not been 
altered, then SiSdd = 0) and the complete action 

S = Stm + Sng + Swz + Sdd (33) 

is exactly invariant under the modified /c-symmetry. 

To see that such a term Sdd indeed exists, we will have to retrace the above steps 
a bit more carefully. Repeating the analysis of the previous section but retaining also 
terms proportional to the free equations of motion of the tensor multiplet fields, we 
find that 

S{Sng + Swz)= [ *{t^dF) + .... (34) 
Jd 

In this and subsequent formulas, . . . denotes terms that are supported on the string 
world-sheet S. The four- form dF vanishes when the tensor multiplet fields fulfill their 
free equations of motion, so it can be written as 



dF = / d6x-'(-86^(x')5'"^/i-,/3(x')-2(^''''(x')5'°'^5;.(/)^'^(x')0„e^^6d + 
Jm ^ 

+ 8i4,Ux')d"'''4ix')nab). (35) 
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Here, and c^'^* (x') are some four-forms on superspace with coordinates 

g^^^ ga^ ^^-^ indicated they also depend on the variables x'"^. We note that 
they are closed (since dF is closed), and independent of the tensor multiplet fields 
(since dF is linear in these). The transformation laws of the tensor multiplet fields 
thus become 



hhapix') = / (^iKhafiJ + . . . , (36) 



ID 

where we have defined the closed four- form hap{x') as 

Kp{x') = d'^J'p + d'p^bl. (37) 

Since the cohomology of superspace is trivial, the closed forms (if^{x'), ^^(x'), and 
hap{x') are in fact exact and can thus be written as 

4,''\x') = df\x') 
r^{x') = df^ix') 

ha/six') = dha/3{x') (38) 

with some three- forms (/>"^(x'), ■(/'^(x'), and hapix') that are functionals of the world- 
volume fields X"^ and G". The exterior derivative d on the right hand side of course 
acts on the superspace coordinates x"l^ and 0". (The closed form ba{x') is also exact, 
but we cannot express it as the exterior derivative d acting on some local functional 
of and 6".) We can now use the K-symmetry transformation law H26|) for the 
pullback of a differential form applied to the three-forms (j)°'''{x'), V'q(x'), and hapix'). 
We thus find that the K-symmetry transformations of the tensor multiplet fields are 
given by 

6ir\x') = s [ *r\x') + ... 

6ira{x') = 6 [ *C(x') + ... 
Jd 

hKp{x') = 6 [ *K^{x') + ..., (39) 
Jd 

where 5 on the right hand sides denotes the K-symmetry variation acting on the world- 
volume fields and 0". Again, the . . . denote terms that are supported on the 
boundary S. For $"^(x',6''), we thus get the transformation law 



(5i«>"^(x', e') = 5 *6"^(x', e') + ..., (40) 
Id 
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where the three-form $"*(a;',6'') is constructed out of (/)°*(x'), ip%{x') and ha/3{x') in 
the same way as is constructed out of 0"'', i/j^, and hafs- The quantities "^"-^{x', 9') 
and Hap{x',6') transform analogously. Finally, we consider the three- form F' in the 
variables a;'°^ and 6'^ obtained as the pullback of F by the map x'"^ i— x""^, i— 9^. 
It transforms as 

JiF' = S [ *F' + .... (41) 

Here, is a three-form in x'"^ and 9'^ constructed out of ^'^ and in the 
same way as F is constructed out of and H^p. It is thus also a three- form in 

the variables x°'^ and 9^, on which the pullback map * to I? acts. 

We should now really compute the 6i variation of Sng + Swz- However, Swz 
and Sng a^^e given by integrals over D and its boundary E respectively, and the 6i 
variations of the tensor multiplet fields is a sum of terms supported on D and terms 
supported on E. We thus get a divergent expression. To regularize this, we introduce 
another open three-manifold D' with boundary S' by slightly perturbing D. We can 
now compute the Si variation of the regularized interaction terms S'j^q+S[y^ obtained 
by replacing D and S with D' and S' in Sng and Swz- For a generic perturbation, 
the intersection of D' with E and the intersection of E' with D are empty, while D 
and D' intersect in isolated points. This is analogous to the Dirac veto familiar from 
the theory of magnetic monopoles in four space-time dimensions, where the Dirac 
string should be chosen so that it does not go through any particle, and furthermore 
the effects on a particle of electromagnetic fields caused by that particle itself are not 
considered. It is also analogous to the definition of the self-intersection number of a 
submanifold. 

These properties of D' and S' mean that SiS'j^q vanishes, whereas terms in SiF' 
that are supported on S can be neglected in the computation of SiS'y^r^. Using the 
results of the previous paragraph, we thus find that 

+ SSd'd = 0, (42) 
if we define the regularization Sdid of the new interaction term Sdd diS 

Sd'd = ~\I [ **'F'. (43) 
^ Jd' Jd 

Here, *' denotes the pullback to D' acting on the variables x'"^^ and 9'^. The factor ^ 
arises because the variation S acts not only on the fields X'^^ and on D, but also 
on the fields X''^/^ and O'^ on D', which transform analogously. We see that S^'d 
represents a direct Dirac membrane interaction. As required, Sdd is independent 
of the tensor multiplet fields. This is ultimately a consequence of the fact that the 
Wess-Zumino term is not only of first order in the tensor multiplet fields, like the 
Nambu-Goto term, but furthermore linear in them. This completes the proof of k- 
symmetry of the complete action S. 
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5.2 The bosonic theory 

There is no simple closed expression for the form F' that appears in Sdd, but it can be 
constructed order by order as a polynomial in the fermionic variables 9^ and 6'^, just 
like for example the superfield is expanded in 0^ in (|16jl . It is instructive, though, 
to show the result of this procedure to lowest order in fermions, i.e. to determine the 
bosonic part 5''^°'^ of the complete action S. 

For this purpose, it is convenient to employ an index-free notation: The bosonic 
world-volume fields are thus a map X from D to space-time M. The bosonic space- 
time fields are a two-form b and an i?-symmetry vector (p of scalars. The field strength 
h = db can be decomposed as /i = /i+ + /i_ , where /i+ = ^{h + *h) and /i_ = ^{h — *h) 
are the self-dual and anti self-dual parts respectively. (The * is the Hodge duality 
operator.) The bosonic parts of Stm, Sng, and Swz are 



Stm = \ ( hA*h+l [ dcj)-A*d(j) 




(In this subsection, to avoid confusion with the Hodge duality operator *, we suppress 
the * that indicates the pullback of a differential form to D or S.) Here g denotes 
the determinant of the metric on S induced by its embedding in six-dimensional 
Minkowski space. To proceed further, we need to introduce the Poincare dual three- 
form 5d of the three-manifold D embedded in six-dimensional Minkowski space, de- 
fined by the property that 

/ 6dAs= [ s (45) 

JM JD 

for an arbitrary three-form s on Minkowski space. It can be written as 

6d = {dx AdxAdx [ dX AdX A dX) 5^^^ {x-X), (46) 

JD 

where ( ) means that the three space-time differentials dx and the three pullback 

differentials dX are contracted with the six-dimensional Levi-Civita tensor. We can 
now write the bosonic part of Sdd as 

Sh°!> = ll^*Sn. (47) 

As described in the previous subsection, this expression is divergent since *6D is sup- 
ported on D, and has to be regularized by replacing one copy of D with a perturbation 
D'. The complete bosonic action 5"^°" = S^^P^j + 3%''^ + + S^^'l) can be rewritten 
as 

S^"^ = - [ h^°^ A *h'°^ + [ d(f>-A*d4>+[ y^^V^ + [ b, (48) 

2 Jm JM JT. JT, 
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where the total field strength h is defined as 

h^°^ = h + 6D. (49) 

The last term in the action is obtained by applying Stokes' theorem to the term h 
and represents the standard electric coupling of the string to the field b. The first term 
can then be understood as a way of incorporating the magnetic coupling. Indeed, 
fulfills a modified Bianchi identity dh^°^ = 6s, where ds = dSo is the Poincare dual 
of the string world-sheet S. This is appropriate in the presence of a magnetically 
charged string. 

An infinitesimal bosonic K-symmetry transformation is parametrized by a vector 
K on D, subject to the condition that it vanishes on S. It acts by displacing D while 
keeping the boundary S fixed. The transformation law for X is given by 

X ^ X + K. (50) 

It follows that the Poincare dual 5d changes by an exact form, (5d ^ (5/) + dA, where 
the two-form A is given by 

\ = {dxAdxf KdX AdX AdX)6^^\x- X). (51) 
Jd 

(The notation ( ) here means that the two space-time differentials dx, the vector 

K, and the three pullback differentials dX are contracted with the Levi-Civita tensor.) 
To arrive at this expression, we have used Stokes' theorem together with the condition 
that K vanishes on the boundary E of D. We see that is invariant under k- 
symmetry, provided that the let the two-form b transform according to 

b^b-X. (52) 

Finally, the last term in 3^°'^ is invariant since the pullback of A to S vanishes. This 
completes the proof of K-symmetry for the bosonic action S^°^. 

5.3 Off-shell supersymmetry 

We now return to the complete theory including fermions. Off-shell supersymmetry is 
largely analogous to off-shell K-symmetry: The statement that <I>"^ and F transform 
as superfields is only valid provided that the tensor multiplet fields and 
hai3 fulfill their free equations of motion @. It follows that the variation of the 
interaction S'tvg + Swz when no such constraints are imposed is a linear combination 
of d°^l^daji(j), d'^^ipp, and d'^'^hp^. It can thus be cancelled by supplementing the 
previous supersymmetry transformation laws of the tensor multiplet fields © with 
additional 5i terms, chosen so that 

6{Sng + Swz) + ^Stm = (53) 
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But this leads to an additional variation Si{Si\fG + Swz) of the interaction. We also 
need to take the variation SSdd of the additional term Sdd, which is independent of 
the tensor multiplet fields, into account. 

The issue of divergences is precisely analogous to the case of K-symmetry: The 
5i transformations contain terms supported on D and on S, and Sng ^^nd Swz arc 
given by integrals over S and D respectively. We regulate the ensuing divergences by 
instead considering the 6i variation of S'j^q and S^y^ obtained by using a perturbed 
world- volume D' with boundary S'. Also, Sdd is regularized to Sd'd- It follows from 
the properties of a generic perturbation D' that SiS'j^q vanishes, so the total variation 
of the regularized action is 

{d + 5i)S = 6iS{yz + SSD'D, (54) 

where furthermore terms in the 5i variations of the tensor multiplet fields that are 
supported on S may be neglected in the computation of 6iS[yz- So the right hand 
side is given by a double integral over D and D'. 

A direct proof of the vanishing of the last expression can probably be found, and 
is possibly quite illuminating. But in this paper we will content ourselves with a more 
implicit argument: We have shown in the beginning of this section that the complete 
action S is invariant under the ^^-transformations, by which D may be arbitrarily 
chosen as long as its boundary is given by the string world-sheet S. But according 
to the last equation, the supersymmetry variation of S is given by a double integral 
over two copies of D (one of which is actually perturbed to D'). We claim that the 
integrand of this expression must actually be exact either on D or on D', so that 
the integral vanishes by Stokes' theorem. (The boundary term vanishes, since the 
intersection of D with E' or vice versa is empty.) The reason is that any non-exact 
terms would mean that the supersymmetry variation of S had a dependence on the 
choice of D, which contradicts the fact that S itself is independent of such a choice. 
This completes the proof of supersymmetry of the complete action S. 

To summarize, the complete action is 

JM ^ ^ 

- f (fa^/*{^■^)V^ + I \ I I **'^'- (55) 

7s JD 2 7d' Jd 

We have shown that it is invariant under a local K-symmetry, by which the Dirac 
membrane world-volume D may be arbitarily chosen as long as its boundary is given 
by the string world-sheet S, and half of the components of 0^ on S may be eliminated. 
This transformation acts on the string degrees of freedom in a standard way, but also 
on tensor multiplet fields with terms supported on D. Finally, we have shown that the 
action is invariant under global (2, 0) supersymmetry transformations, acting on the 
string degrees of freedom in the standard way, but with the standard transformation 
laws of the tensor multiplet fields supplemented with terms supported on D and on S. 

M.H. is a Research Fellow at the Royal Swedish Academy of Sciences. 
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